The rheologic, chemical, thermal, and electrical properties of rhenium make it an excellent choice for containing and heating samples to very high pressures and temperatures in diamond anvil cells ͑DACs͒. In many experimental configurations, e.g., the internally heated diamond anvil cell ͑IHDAC͒, the rhenium parts are at or close to the pressure and temperature conditions of the sample. Because the pressure and temperature of the rhenium container are close to those of the specimen, rhenium offers an attractive means for determining pressure at high temperatures in x-ray diffraction experiments without the requirement of adding an additional material to the intricate and cluttered sample assembly. For this reason, we set out to determine an equation of state ͑EOS͒ of rhenium. We combine the isothermal equation of state of rhenium at ambient temperature with volume data collected at randomly distributed, simultaneous high pressure-temperature conditions. A linear dependence of thermal pressure on temperature at constant volume has been assumed. Data were collected using synchrotron radiation x-ray diffraction in conjunction with an IHDAC equipped with a rhenium internal resistive heater developed recently at the Cornell High Energy Synchrotron Source. The consistency over a large P -T range between our EOS and shock EOS within the experimental uncertainty suggests that the thermal pressure is measurable using the method proposed in the article, and that the rhenium can be used as a convenient pressure calibrant although the accuracy of it depends on many factors including the reliability of the pressure scale at high temperature.
I. INTRODUCTION
Recently, Zha and Bassett 1 described a diamond anvil cell with an internal resistive heater ͑IHDAC͒ in which the sample resides in a hole in a strip of Re foil that serves as the resistive heater. In this and in other similar devices, Re has proven to be one of the most satisfactory materials for containing and heating a sample to achieve simultaneous high pressure and high temperature. [2] [3] [4] Although the ductile, but incompressible, properties of metallic rhenium were reported by Bridgman in 1955, 5 it has only been within the past two decades that rhenium has been favored for use in diamond anvil cells ͑DACs͒. 4, 6 In addition to the rheologic properties described by Bridgman, the very high melting point ͑3180°C͒ and lack of ductile-to-brittle transition enhance its value for use under simultaneous high pressure and temperature conditions. In recent years, engineering interests in rhenium and its alloys for parts subjected to extreme conditions have increased dramatically. 7, 8 There have been many studies on the physical properties including the P -V equation of state ͑EOS͒ under shock and static pressure conditions. 4, [9] [10] [11] [12] [13] [14] [15] [16] The P -V -T equation of state reported in this article will be fundamentally important for extending its scientific and engineering applications including its usefulness as a pressure calibrant.
In this article, we present a method for developing a P -V -T equation of state employing one set of volume data collected randomly throughout an extended pressuretemperature range. The equation of state of a solid in its most general form is
P͑V,T ͒ϭ P͑V,0͒ϩ P th ͑ V,T ͒. ͑1͒
The left side of this equation represents the total pressure P at volume V and temperature T, the first term on the right side is the pressure-volume relationship at absolute zero, and the second term is the thermal pressure. Our usual concern is the difference in pressure between ambient conditions and a hot, compressed state, to isothermal compression at ambient temperature plus the thermal pressure change due to isochoric temperature change. For most solids, the first term on the right of Eq. ͑2͒ can be determined by the third-order Birch-Murnaghan equation of state, ⌬ P͑V a →V,300͒ϭ 3 2
where K Ta is the isothermal bulk modulus, and K Ta Ј ϭ(‫ץ‬K T ‫ץ/‬ P) T , both at ambient conditions. The units of Eq. ͑3͒ are GPa when K Ta is in GPa. Equation ͑3͒ is valid for isothermal compression at any high temperature, provided K Ta and K Ta Ј are evaluated at the elevated temperature and zero ͑omit the-͒ pressure conditions, respectively. The second term on the right side of Eq. ͑2͒ is more complicated because of its definition, and direct determination by experiment still is challenging. On the basis of data analysis for a wide range of materials, Anderson and colleagues [17] [18] [19] have indicated that, for adequate precision of approximation, P th often takes the linear form of P th ϭaϩbT ͑4͒
for most solids when the temperature is higher than the Debye temperature, . From thermodynamic identities assuming ␣K T (V a ,T) is independent of the temperature, they have demonstrated 18 P th ͑ V,300→T ͒ ϭ P th ͑ V,T ͒Ϫ P th ͑ V,300͒
where ␣ϭ(1/V)(‫ץ‬V/‫ץ‬T) P is the volume thermal expansion coefficient, and (‫ץ‬K T /‫ץ‬T) V is the temperature derivative of the isothermal bulk modulus at constant volume. So Eq. ͑2͒ finally becomes
By using Eq. ͑6͒ and basing their model on a vast amount of experimental data, they proposed a P -V -T equation of state for gold, 18 which has been widely used as pressure standard for static compression experiments. 2, 20 Obtaining P -V -T equations of state for any other interesting materials has been an active area of research for the past few decades. 21, 22 Laser heated DACs or a resistively heated multianvil apparatus in conjunction with synchrotron x-ray diffraction are the most commonly used methods. To develop a P -V -T equation of state, one generally needs a large number of experimental data in order to adequately cover the three-dimensional variable space. The ideal situation would be for those data to be obtained in the form of two-dimensional variable groups with the third variable fixed for each group ͑e.g., isothermal, isobaric, or isochoric͒. Otherwise, data randomly dispersed through variable space can lead to annoying problems for their reduction. Furthermore, random dispersion of data throughout variable space is likely to be one of the sources of uncertainty in the results. Unfortunately, the ideal methods for data collection are difficult experimentally. As stated above, we will show in this article how to use limited data points that are spread out in P -V -T space for the creation of a P -V -T equation of state.
Equation ͑6͒ greatly simplifies the experimental procedure for obtaining the P -V -T equation of state. The part dealing with isothermal compression at ambient temperature ͓Eq. ͑3͔͒ can be easily and precisely achieved over a very wide pressure range with modern DAC techniques. The thermal pressure part ͓Eq. ͑5͔͒ is assumed to have a simple linear relationship between P th and T, the slope for temperature dependence of thermal pressure at each constant volume can be easily deduced from a straight line between two points. One point is the pressure measured at simultaneously high pressure and temperature conditions, and the other point can be obtained from an isothermal equation of state measured at some lower temperature condition using the same volume value as that measured at high P -T. Fortunately, the relationship is essentially linear for most solids if the temperature is higher than the Debye temperature, , based on the analysis by Anderson et al. 17 With the slopes determined in this way at different volumes, thermal pressures at various temperatures can be obtained that correspond to these volumes. Hence, only one set of high PT data at random high PT conditions, corresponding to different volumes ͑or compressions͒, combined with a well defined isothermal equation of state measured at some lower reference temperature can form several isothermal data sets at multiple temperature points. Two parameters, ␣K T (V a ,T) and (‫ץ‬K T /‫ץ‬T) V , can be determined by fitting each data set to Eq. ͑6͒. The slope of thermal pressure on the right side of Eq. ͑5͒ can be obtained, and isothermal equations of state at different temperatures can be created. The P -V -T equation of state for rhenium in this study is obtained using this method.
II. PREVIOUS DATA
In order to use the method described above, we need to know two things, the degree of linearity of the thermal pressure of rhenium versus the temperature and the starting temperature for this linearity.
The thermal pressure P th ͑between 300 K and T͒ is determined by
where T a ϭ300 K. The isothermal bulk modulus K T can be obtained from
where the Grüneisen parameter ␥ at constant pressure is defined by
To obtain the thermal pressure P th , we need to know the temperature dependences of the coefficient of thermal expansion ␣, the specific heat at constant pressure C P , and the elastic properties. Shepard and Smith 16 and Fisher and Dever 10 have studied the elastic moduli of rhenium over a large temperature range. Table I lists the fundamental thermodynamic parameters given by Fisher and Dever and other sources we used for estimation of the temperature dependence of thermal pressure. T and K S are the temperature and adiabatic bulk modulus calculated from elastic constants of Fisher and Dever, ␣ and C P are from American Institute of Physics Handbook. The density, , is calculated by using thermal expansion coefficients ␣ at higher temperatures than 298 K and ͑at 298 K͒ϭ21.024 g/cm 3 . 23 The ␣ values below room temperature are not available, but can be calculated from Eq. ͑9͒ using the extrapolations of ␥ and . The Grün-eisen ␥ at room pressure was found to be 2.24, which is close to 2.39 reported by Manghnani et al. Figure 1 is a plot of ␣K T and thermal pressure P th versus the temperature for rhenium at zero compression. The Debye temperature of this material is reported to be higher than room temperature ͑406.2 K͒. 10 But Fig. 1 clearly shows that both ␣K T and thermal pressure, P th , are nearly linear with the temperature starting even from lower than room temperature. Figure 1 also shows that the ␣K T is not completely independent of the temperature at its linear portion because of the electronic contributions in metals at high temperature, 24 a feature that would lead to a small quadratic term for the thermal pressure although it is not obvious in Fig. 1 . However, the least-square fitting result of a very small value for the quadratic term ͑see discussion below͒ suggests that linear approximation for the temperature dependence of thermal pressure is adequate for experimental precision. On the other hand, the linear treatment means that the ␣K T (V a ,T) in Eq. ͑6͒ either should be temperature independent 18 or have an average value over the entire temperature range of study.
Because the results are derived from zero compression data, there is a question as to the behavior expected at higher compressions. The thermodynamic identity
Temperature dependence of ␣K T and thermal pressure P th at ambient pressure for rhenium. The starting point of linearity of thermal pressure is even lower than 300 K. 3 . has been used to evaluate how ␣K T depends upon volume compression. If ␣K T is independent of a change of volume, the term (‫ץ‬K T /‫ץ‬T) V on the right side of Eq. ͑10͒ should be zero. Because the measurements were taken at constant P, not constant V, another thermodynamic identity,
has been used for the calculation of (‫ץ‬K T /‫ץ‬T) V , 19 which is Ϫ0.0094 GPa/K for the ambient condition here, and is plotted in Fig. 2 . Obviously, (‫ץ‬K T /‫ץ‬T) V0 is nonzero, but a small, negative value indicates that the slope of the thermal pressure curve will be changed slightly at different compressions. The second term in the square bracket on the right side of Eq. ͑5͒ has included this effect as derived in Ref. 18 . Equation ͑11͒ shows that (‫ץ‬K T /‫ץ‬T) V is pressure-temperature dependent. This means that (‫ץ‬K T /‫ץ‬T) V in Eq. ͑6͒ should be taken as an average value over the pressure-temperature range of study.
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III. EXPERIMENT
The internal resistive heating IHDAC technique has been used here. 1 A rhenium ribbon with cross section dimensions of 70ϫ20 m was used for the resistive heater and also for the sample. A small hole of 25 m diameter was drilled using a Q-switched infrared YAG laser in the center of the heater, and gold powder was packed into this small hole to provide a pressure standard at high P -T conditions. This heater assemblage was carefully packed into a nonmetallic gasket hole with SiO 2 glass as the pressure medium, which thermally isolated the heater from the diamonds. Energy dispersive synchrotron x-ray diffraction was used for in situ volume measurements of rhenium and gold at simultaneous high P -T conditions. Experiment was carried out at the national high pressure facility at the Cornell High Energy Synchrotron Source ͑CHESS͒. The x-ray beam size was 20ϫ30 m and had been aligned to the position of the small hole in the heater loaded with gold powder. We believe that the pressure and temperature experienced by the gold and the surrounding rhenium were the same because of the x-ray beam passed through a very small portion of heated material. We observed a very homogeneous temperature profile in the sample area, and excellent time stability.
An optical radiometric spectroscopy system was used for in situ temperature measurement. An optical cable with a single fiber was used for transferring the radiation signals from microscope to spectrometer through an optical adaptor. A multiple channel charge coupled device ͑CCD͒ detector was used to receive signals covering a 500 nm spectral range. To sample and spectroscopically analyze a portion of the incandescent light from the sample, we simply place the cross hairs of the microscope on the desired part of the sample. The system allows sampling of an area of 10 m in diameter. The measuring statistical error is Ϯ3°in the temperature range of the present experiment according to the temperature fitting program, and the uncertainty for the temperature was estimated to be Ϯ10°. We chose varying temperatures at a constant loading force as the data collection mode. Experimental details with this technique are published elsewhere.
1 Figure 3 shows one of the x-ray diffraction spectra collected during this experiment. Four gold and six rhenium lines are present. The volumes for gold at each P -T condition were calculated using the average lattice parameters determined on the basis of reflections having various hkl indices ͑Table IIa͒. The volumes for rhenium were calculated by 100 and 101 reflections as only these two reflections are available for all pressures ͑Table IIb͒. But the six rhenium lines obtained at 1480 K ͑Fig. 3͒ offer a good opportunity to test uniaxial elastic strain at high temperatures ͑see the Appendix͒. The volume of gold along with the temperature measured can be used to estimate the pressure at this P -T condition. The volume of rhenium, therefore, is related to this P -T condition. On the other hand, the pressure for the same volume of rhenium at ambient temperature can be evaluated from the isothermal equation of state at ambient temperature, which has been measured by many investigators. 3, 4, 12, 14, 26 The linear temperature dependence of pressure for this isochore can then be drawn using just one measurement at a simultaneous high P -T condition in conjunction with the room temperature isotherm. Because changing the temperature produces new pressure and volume, x-ray diffraction measurements can be conducted at a new stable P -T condition, and a new slope of temperature dependence of the pressure for this new isochore can be obtained in the same way. Linear dependence between the pressure and temperature of each isochore makes it easy to obtain the pressure-volume data at selected temperatures by linear extrapolations. Therefore, the pressure-volume data for rhenium at selected isotherms can be obtained by grouping the P -V data for each temperature selected.
IV. RESULTS
Tables IIa and IIb list detailed data for gold and rhenium from all eight measurements. The pressure-volume data for rhenium at three isotherms, which are calculated based on linear isochoric treatment of each measured volume at high temperatures, are plotted in Fig. 4 . Seven temperatures of 300, 500, 1000, 1500, 2000, 2500, and 3000 K are chosen as temperatures in this study, but only three isotherms are plotted for clarification. The negative pressures of isotherm 300 K for the experimental volumes, which are larger than the volume at the ambient condition, are results of the mathematical treatment only. Equation ͑6͒ was used for the leastsquares fit to each of seven isotherms to find two parameters: ␣K T (V a ,T) and (‫ץ‬K T /‫ץ‬T) V with V a ϭ29. for a certain isothermal EOS at 300 K, all six isotherms gave the same results of ␣K T (V a ,T) and (‫ץ‬K T /‫ץ‬T) V from the fitting, which reflects the self-consistency of the measurements. A number of equations of state for rhenium at ambient temperature have been published in the past. 3, 4, 11 The ambient pressure isothermal bulk modulus K Ta ϭ360 GPa and its pressure derivative K Ta Ј ϭ(‫ץ‬K T ‫ץ/‬ P) T ϭ4.5 3 for the thirdorder Birch-Murnaghan equation of state were chosen, which are consistent with shock wave data. 27 Table III lists the fitting results. As mentioned above, both ␣K T (V a ,T) and (‫ץ‬K T /‫ץ‬T) V in Eq. ͑6͒ are average values over the pressuretemperature range studied. Unlike the data shown in Fig. 1 , the fitted ␣K T (V a ,T) does not change with the temperature, and the value is close to, but higher than, the average value of that listed in Table I . This is because the temperature range in which the fitted ␣K T (V a ,T) being averaged was much larger than that in Table I . For the same reason, the fitted (‫ץ‬K T /‫ץ‬T) V is slightly different from the corresponding value shown in Fig. 2 , which was obtained based on the data at the ambient condition shown in Table I .
When ␣K T (V a ,T) and (‫ץ‬K T /‫ץ‬T) V are known, pressure versus volume at any temperature of interest can be calculated from Eq. ͑6͒. Six isothermal PV data at 500, 1000, 1500, 2000, 2500, and 3000 K were calculated, and fitted to the third-order Birch-Murnaghan equation of state ͓Eq. ͑3͔͒ to obtain V 0 , K 0T , and K 0T Ј for each of these isotherms as listed in Table IV , where the subscript 0 indicates zero pressure.
We performed two fitting inversions: one inversion without fixing any of the three parameters, the other inversion with only V 0 fixed. V 0 was calculated based on published thermal expansion coefficients ͑American Institute of Physics Handbook, pp. 4 -129͒ at ambient pressure. Since V 0 has a significant effect on the equation of state, and the thermal expansion coefficients at room pressure measured by several investigators are in reasonable agreement, 13,23,28 -30 we prefer the results of the latter inversion. Figure 5 shows the equation of state of rhenium at PT conditions inverted with these two fitting methods. Figure 5 also shows the inverted equation of state from shock wave data, 27 which are the only available high PT data for rhenium to date. It is interesting that our static compression data are quite consistent with shock data except for the very high PT range. The discrepancy between shock and this study in the lower pressure range shown in Fig. 5͑a͒ indicates that fitting of the equation of state with fixed V 0 calculated based on published thermal expansion coefficients is necessary and adequate. Table V lists the pressure at selected compressions and temperatures based on the equation of state fitted with fixed V 0 in this study. We would like to point out an interesting comparison here for demonstration of the data reliability of this study. Table I Table V , give P th ϭ4.33 GPa for the same V -T range. The difference between two independent experiments is 2.3%, which is also reasonably within the experimental uncertainty of this study and will be discussed later.
When the P -V -T EOS is known, the temperature dependence of volume at constant pressure can be obtained. The volume coefficients of thermal expansion are evaluated from ␣ϭ(1/V)(‫ץ‬V/‫ץ‬T) P , and are shown in Fig. 6 . Other thermoelastic parameters can be derived as shown in Table VI .
V. DISCUSSION
Equation ͑6͒ tells us that the total pressure experienced by a solid at high P -T conditions is constrained by the isothermal portion at a reference temperature and the isochoric portion from the reference temperature to higher temperatures, i.e., Mie-Grüneisen assumption. A correct P -V -T equation of state strongly depends not only on the data collected at a simultaneous high P -T condition, but also on the accurate isothermal equation of state at the ref-
erence temperature. To demonstrate this, volume data collected at high P -T conditions in this study have been combined with a different isothermal equation of state of rhenium at ambient temperature based on ultrasonic measurement at the low pressure range 14 to create the P -V -T equation of state. It also is compared to the same converted shock equation of state mentioned above in Fig. 7 . The large discrepancies between this equation of state and the shock equation of state are very clear and become severe at higher P -T conditions. It seems that to obtain the most accurate isothermal equation of state at the reference temperature ͑for many materials, it is at ambient temperature͒ is critical for creating the correct P -V -T equation of state. Fortunately, this has become more practical because quasihydrostatic pressure media, such as helium, [31] [32] [33] are often used, and the well characterized pressure scales, such as the ruby pressure scale 34 at ambient temperature, has been proved to be quite reliable. 35 Figure 5͑b͒ shows a comparison of our equation of state with the P -V -T data converted from the shock Hugoniot. 27 Generally, the consistency between these two studies is quite good. With increases of both the pressure and temperature, the discrepancies become larger. At compression of 1 ϪV/V a ϭ0.2 and 3000 K for rhenium ͑the total pressure is ϳ149 GPa; see Table V͒, 
15.7 GPa, whereas the shock wave data gives 19.6 GPa, leaving 3.9 GPa difference. There has been a long debate over the accuracy of the gold pressure scale. 2, 36 Pressures in the scale proposed by Anderson et al. 18 are normally lower than those proposed by Heinz and Jeanloz. 37 Assuming the shock wave data are correct, our data would suggest a pressure correction for the gold scale somewhere in the middle of the difference in pressure between these two scales.
Shim et al. 36 have proposed a new equation of state for gold based on the quasihydrostatic EOS measurement conducted recently by Takemura. 33 According to this new scale, the pressure corresponding to the compression and temperature mentioned above is slightly higher than in Anderson's scale but not in the middle between Anderson's and Heinz's scale. Assuming the pressure scale proposed by Shim et al. is closer to the truth, there must be another source of error for the systematic difference in pressure between that in this study and the shock wave data. Could it be neglect of a quadratic term of thermal pressure integration?
Thermal pressure integration in Fig. 1 has been fitted to a third-order polynomial equation in order to estimate the difference in pressure introduced by linear treatment. At 1 ϪV/V a ϭ0 and 3000 K, nonlinear fitting gives 21.22 GPa thermal pressure, while linear treatment of this study gives 20.26 GPa. The difference is 0.96 GPa. That is about 4.7% of the rise in pressure from 300 to 3000 K. Assuming the same difference ratio happens at high compressions, at 1ϪV/V a ϭ0.2, this difference would be 0.74 GPa. It seems that this error is too small to cause the difference. It also demonstrates that linear treatment for the thermal pressure does not introduce significant error to this study. Because this P -V -T equation of state is built on large extrapolations from a low P -T range in which the measurements were conducted to very high P -T conditions, the extrapolation errors should be the reasonable source responsible for the systematic deviations.
We would like to point out that the systematic pressure deviation of 3.9 GPa ͑or 2.6%͒ between this study and the shock equation of state at ϳ150 GPa and 3000 K actually is within the measurement uncertainties as discussed in the Appendix. The fact that the systematic deviation is within the measurement uncertainty in this study does not necessarily mean this measurement completely agrees with the shock equation of state. The accuracy of both the gold standard and shock equation of state may need to be revised when a more reliable, primary pressure standard is available.
ACKNOWLEDGMENTS
The authors thank Dr. Thomas Dufffy, Dr. Donald G. Isaak, and Dr. Sol Gruner for their valuable comments and suggestions. This work is based upon research conducted at the Cornell High Energy Synchrotron Source ͑CHESS͒, which is supported by the National Science Foundation and the National Institutes of Health/National Institute of General Medical Sciences under Award No. DMR0225180.
APPENDIX: UNCERTAINTIES OF THIS STUDY
Apparently, the uncertainties of the P -V -T relationship will come from pressure, volume, and temperature measurements. In the experiment, temperature and volume can be measured independently. But pressure cannot be measured independently, it depends on the other two measurements as well as on the pressure scale used.
Effect of temperature uncertainty
As pointed in Ref. 1, the temperature uncertainty at the temperature range of this study was estimated to be less than 20°. The thermal pressure of rhenium was evaluated by linear extrapolation of the isochore P -T line, one end of which is an experimental P -T point from the gold measurement, and the other end is the pressure of the isothermal EOS of rhenium at 300 K. We also know that the thermal pressure is linearly proportional to the temperature for both gold and rhenium, which means that P and T will vary in the same direction, with similar temperature slopes for gold and rhenium in the compression range of this study ͑see both 
Effects of volume uncertainties
Because the pressure is calibrated by using volume data of gold, the main uncertainties in this study come from both volume measurements of gold and rhenium. The uncertainties of the lattice parameter of gold and rhenium could strongly be affected by the stress-strain condition in the sample chamber and lead to inconsistent lattice parameters represented by different diffraction lines. As Singh 38 and many other investigators 3, 39, 40 have pointed out, pressure determined using a sensor's volume measured under uniaxial compression with its axis parallel to an incident x-ray beam is always lower than the real pressure because of the deviatoric stress-strain condition. Accurate deviatoric stress estimation requires knowledge of the hydrostatic pressure component or strain, which is not available in this experiment. On the other hand, numerous investigators have found that deviatoric stress dramatically decreases with an increase in FIG. 7 . P -V -T equations of state produced from the high P -T data of this study and a different isothermal equation of state at 300 K ͑Ref. 14͒. The large discrepancies between these equations of state and the shock equations of state indicate that an accurate isothermal equation of state at ambient temperature is critically important for the method we used in this study.
temperature. [39] [40] [41] Theoretical analysis as well as some experiments 39, 40 indicate that the elastic strain of gold under uniaxial stress manifests itself as the largest deviatoric strain in the 200 diffraction peak and smallest in the 111 diffraction peak. As shown in Table IIa , gold diffraction peaks obtained in this study show random strain change at each P -T condition. The same appears to be true of rhenium. Table VII shows six diffraction peaks of rhenium obtained at 1480.2 K. Three peaks determine lattice parameter a independently, but parameter c cannot be determined independently. Table VIII shows nine possible a, c, and volume data from different combinations of diffraction peaks. With those different volumes, the corresponding pressures at 300 K will be different, and the linear isochore fit between 300 and 1480.2 K for obtaining the slope of thermal pressure will be different. Table VIII also shows calculated thermal pressures corresponding to each of those volumes at selected temperatures. A combination of 100 and 101 ͑combination 1 in Table VIII͒ , was used in this study for all volume calculations. Singh and Balasingh proposed a ratio of anisotropic lattice strain to isotropic bulk strain, R, to describe the error introduced by assuming that an elastically anisotropic sample is isotropic. According to their analysis 42 103 has smaller lattice strain than 101, so the volume calculated from combination 110 and 103 ͑combination 2 in Table VIII͒ should have smaller volume deviation, or closer to isotropic strain condition, than that of combination 1. The same analysis also predicts that combination 1 should have the same volume deviation as the combination of 110 and 101 ͑combination 6 in Table VIII͒ . A comparison of 1 and 2 does shows a difference in volume of 0.08 ͑Å 3 ͒, corresponding to a difference in thermal pressure of 1.25 GPa at 3000 K. A comparison of 1 and 6 shows a volume difference of 0.094 ͑Å 3 ͒ but in an opposite way, corresponding to a difference in thermal pressure of Ϫ1.44 GPa at 3000 K. The presence of random strain for both gold and rhenium demonstrates that the difference in cell volume, hence in the pressure, may not originate from deviatoric stress. The high temperatures probably release the deviatoric stress as evidenced by numerous other experiments. Figure 8 shows the temperature dependence of the relative difference in absolute thermal pressure between combination 1 and the ''average of all HKL,'' as shown in Table VIII . The ratio drops fast with an increase in temperature below 1000 K, and becomes less than 1% when temperature is higher than 1000 K. We attribute the random strain condition to an error in reading of the peaks.
The average uncertainty for gold lattice parameters obtained from different reflection lines is The statistical volume uncertainties of rhenium at each P -T condition are not available because only two diffraction lines were used and only one volume value was available. But the data at 1480.2 K offer an opportunity by which to examine the possible statistical volume uncertainty. The standard deviation for the volume of rhenium obtained from different diffraction lines at 1480.2 K is ͑see 
Ϸ0.28 GPa, ͑A4͒
which is about ϳ3.8% of the measured pressure.
Although the six peaks in the diffraction pattern of rhenium at 1480.2 K offer an opportunity to test the effects of deviatoric stress at high temperatures, most of the other hightemperature patterns for rhenium had only two peaks on which we were able to base our measurements. Because there is no reliable method for calculating the uncertainty resulting from the use of fewer peaks, we can only estimate the uncertainty on the basis of our judgment. We believe the smaller number of peaks increases the pressure uncertainty to ϳ5% in our measured P -T range.
